This paper describes various parameters affecting to the ͑111͒ orientation in electroplating copper conductive layers. Control of this orientation is important because resistivity, stress, adhesion strength, and electromigration resistance of copper layer are affected largely by this orientation. This orientation cannot be controlled with varying electroplating conditions but can be controlled by the orientation of the copper seed layer used as substrate. That is, the ͑111͒ orientation of electroplating copper layer is closely related with that of the seed layer. Orientation of the seed layer is determined mainly by the barrier layer. Weakly and highly ͑111͒ oriented copper layer is obtained when the seed layer is deposited on tantalum nitride and Ta barrier layers, respectively. Still higher orientation is attained in the depositing of copper layer on a TaSiN barrier layer. Agglomeration does not occur with annealing in the highly oriented copper seed layer.
Low sheet resistance copper conductive layer has been used extensively in logic large scale integrated circuits. High density current can be flowed under the high stress field. Higher electromigration resistance is another promising point in the copper conductive layer.
1,2 Deposition of thick copper conductive layer with high ͑111͒ orientation and with low stress is required in the copper conductive layer. 3 It has recently been reported that resistivity of the electroplating copper layer is determined mainly by the grain growth of ͑111͒ and by the stress with barrier layer 4 rather than by the impurity in the copper layer. Adhesion strength of thick copper conductive layer and agglomeration of the copper seed layer are also influenced by the ͑111͒ orientation and by the stress of seed layer as reported elsewhere. 5, 6 Although the control of the ͑111͒ orientation is very important in the copper conductive layer, few papers have reported the control of ͑111͒ orientation in the electroplating layer. This paper describes the control of ͑111͒ orientation in electroplating copper layer.
Experimental
A 200 nm thick oxide layer was deposited on silicon ͑100͒ wafer by plasma-enhanced chemical vapor deposition. Different barrier layers ͑30 nm thick͒ were deposited on the oxide layer by magnetron sputtering. A barrier layer of tantalum nitride ͑TaN͒ was deposited by reactive sputtering employing a high purity Ta target. Low Si content TaSiN barrier layer was from low Si composition TaSi target by reactive sputtering. A thin copper seed layer ͑30 nm thick͒ was sputtered continuously on the barrier layer in the same sputtering chamber without breaking the vacuum. A thick copper conductive layer was electroplated on the seed layer employing copper sulfate electrolytic solution.
Results and Discussion
The (111) orientation of electroplating copper layer.-Deposition of highly ͑111͒ oriented conductive layer is required for achieving better electromigration resistance and lower resistivity conductive layer. However, little work has been done on the control of the ͑111͒ orientation. This control is attempted first by varying electroplating conditions. Thick copper layer ͑500 nm thick͒ was deposited by electroplating. The Cu͑111͒ spectra were observed by the X-ray diffraction ͑XRD͒ measurement. Figure 1 is the variation of full width of the half-maximum ͑fwhm͒ of ͑111͒ spectra with the current density employed in the electroplating. This width is inversely proportional to the grain size and was held at same level with the increase of current density as seen in Fig. 1 , where typical current density employed in the electroplating was 10 mA/cm 2 . That is, grain size of the ͑111͒ cannot be controlled with the current density. This control was also tried with varying other electroplating conditions, such as the concentration of electrolytic solution, temperature, additives, and the spacing of electrodes. However, the copper grain could not be controlled with these conditions. It has been suggested that grain size can be controlled with layer thickness, with annealing, and by the control of ͑111͒ orientation in seed layer.
Copper layers ranging from 100 to 1000 nm thick were deposited by the electroplating on copper seed layer with different orientation ratios, R, of ͑111͒/͑200͒. Figure 2 is the variation of the intensity ratio of ͑111͒/͑200͒ with layer thickness in the electroplating copper layer. The layer was deposited on the seed layer with two different ratios of ͑111͒/͑200͒, 79.0 and 6.0, as shown by closed and open circles in this figure. It can be seen that the orientation ratio does not increase even if layer thickness increased to 1.0 m. Therefore, a highly oriented copper layer cannot be deposited if a thick copper layer is deposited. Note that very different orientation ratios are obtained between two electroplating layers, although the plating was performed under the same conditions. Annealing was performed for these 500 nm thick electroplating copper at 400°C. Variation of the ratio of ͑111͒/͑200͒ with annealing is shown in Fig. 3 . This ratio was * Electrochemical Society Active Member.
z E-mail: hara@k.hosei.ac.jp Figure 1 . Variation of the fwhm in the ͑111͒ XRD spectra in electroplating copper layer with current density in the electroplating. A copper conductive layer ͑500 nm thick͒ was electroplated on a copper seed layer of Cu ͑10 nm͒/a-TaN (100 nm)/SiO 2 .
invariable with this annealing in the layer deposited on poorly oriented seed layer, the ratio of ͑111͒/͑200͒ was 6.0. However, it increased slightly in the highly oriented copper layer deposited on the highly oriented seed layer, R 79.0, as shown at the left side in Fig. 3 . This result indicated clearly that ͑111͒ orientation cannot be enhanced markedly with this annealing, specifically poorly oriented copper layers. That is, the ͑111͒ orientation cannot be controlled with electroplating conditions, by the thickness, or with annealing.
It has been suggested from the data in Fig. 2 that this orientation ratio can be determined chiefly by the orientation of the seed layer. However, correlation of these orientations between the electroplating and copper seed layers has been studied in few papers. We have prepared a copper seed layer with different orientations. A 500 nm thick copper was electroplated on these seed layers under the same electroplating conditions, at current density of 10 mA/cm 2 . Figure 4 shows the correlation of the orientation ratio of ͑111͒/͑200͒ in electroplating copper layer with that of the copper seed layer. The ratio is in good agreement between two copper layers, electroplating, and seed layers. This figure indicates that ͑111͒ orientation can be controlled by the orientation of the seed layer. That is, a highly ͑111͒ oriented copper layer can be deposited if a highly orientted seed layer is used as the substrate. It has been found that deposition of highly oriented seed layers is important in the electroplating process.
Orientation of seed layer.-To obtain a highly oriented seed layer, the copper layer was deposited using different sputtering equipment and different sputtering conditions. However, the orientation intensity of ͑111͒ changed little with these variations. Because orientation cannot be controlled by the sputtering conditions, control was tried by annealing the layers with varying layer thickness and barrier layer as a substrate. Variation of the ͑111͒/͑200͒ intensity ratio was observed by XRD measurement after annealing at 400°C for 15 min. This orientation, however, was invariable with annealing in the low intensity ratio seed layer deposited on the a-TaN barrier layer. The orientation ratio increased with annealing in the high intensity ratio copper seed layer deposited on TaSiN barrier layer.
It has been reported that a-TaN 7 and TaSiN 8 are promising barrier layer materials for copper diffusion. Other barrier layers, such as Ta, polycrystalline tantalum nitride ͑c-TaN͒, and titanium nitride, are not acceptable for this application. This is due to rapid copper diffusion through the grain boundary among these polycrystalline layers. After depositing of 100 nm thick copper seed layer on different barrier layers, the orientation ratio was determined by XRD measurement. Figure 5 shows the variation of the ͑111͒/͑200͒ in the copper seed layer with the thickness, where the seed layer was deposited on different barrier layers. The ratio of seed layer was held at low levels with the increase of layer thickness to 100 nm in the layer deposited on a-and c-TaN barrier layers as shown by closed circles and squares. In the layer on Ta and TaSin barrier layers, however, this ratio increased markedly at thickness above 30 nm, as shown by open squares and circles. That is, a higher orientation ratio can be obtained when a thick seed layer is deposited on Ta and TaSiN barrier layers. The highest orientation ratio is obtained in the layer on TaSi 0.10 N 0.57 barrier layer. Here, optimization of the composition of Si and N is important in TaSiN barrier layer as reported elsewhere. 8 Control of the agglomeration is required in thin copper seed layer because this agglomeration strongly affects the ͑111͒ orientation and the adhesion of copper electroplating layer. 5, 6 To study these details, a thin ͑10 nm͒ copper seed layer was deposited on different barrier layers and was annealed at 400°C. Surface morphology was observed by the scanning electron microscope ͑ϫ20,000͒. Figure 6 shows that such agglomeration occurs remarkably in the poorly oriented seed layer deposited on a-TaN and Ta barrier layers. As a result of this agglomeration, the thin copper seed layer changed to a discontinuous copper layer. However, such agglomeration was not found at the surface of the highly oriented copper seed layer deposited on TaSiN barrier layer. It must be noted that such agglomeration cannot be observed at the surface of thick seed layer, for instance, above 50 nm thick when the copper layer was deposited on Ta/TaN barrier layer conventionally 9 used although the agglomeration occurred remarkably at the interface. 10 When copper layer was electroplated on this thick and highly stressed seed layer, a copper layer with low ͑111͒ orientation, high resistivity, and weak adhesion strength was obtained. 
Conclusions
Orientation of the ͑111͒ in the electroplating copper layer cannot be controlled by varying the electroplating conditions and layer thickness.
Orientation of the electroplating copper conductive layer can be varied with orientation of the seed layer. However, it cannot be controlled by varying the sputter conditions and with apparatus.
The weakly oriented seed and electroplating copper layers are deposited on a-TaN barrier layer. Although slightly higher orientation is obtained in the seed layer on Ta barrier layer, barrier performance for the copper diffusion is very poor and is not acceptable as a barrier layer.
Higher orientation is attained in the copper seed layer on the low Si content TaSiN barrier layer.
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